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Suppression of Autophagy Dysregulates the
Antioxidant Response and Causes Premature
Senescence of Melanocytes
Cheng-Feng Zhang1,2, Florian Gruber1,3, Chunya Ni1,2, Michael Mildner1, Ulrich Koenig1, Susanne Karner1,
Caterina Barresi1, Heidemarie Rossiter1, Marie-Sophie Narzt1,3, Ionela M. Nagelreiter1,3,
Lionel Larue4,5,6, Desmond J. Tobin7, Leopold Eckhart1 and Erwin Tschachler1
Autophagy is the central cellular mechanism for delivering organelles and cytoplasm to lysosomes for
degradation and recycling of their molecular components. To determine the contribution of autophagy to
melanocyte (MC) biology, we inactivated the essential autophagy gene Atg7 specifically in MCs using the Cre-loxP
system. This gene deletion efficiently suppressed a key step in autophagy, lipidation of microtubule-associated
protein 1 light chain 3 beta (LC3), in MCs and induced slight hypopigmentation of the epidermis in mice. The
melanin content of hair was decreased by 10–15% in mice with autophagy-deficient MC as compared with control
animals. When cultured in vitro, MCs from mutant and control mice produced equal amounts of melanin per cell.
However, Atg7-deficient MCs entered into premature growth arrest and accumulated reactive oxygen species
(ROS) damage, ubiquitinated proteins, and the multi-functional adapter protein SQSTM1/p62. Moreover, nuclear
factor erythroid 2–related factor 2 (Nrf2)–dependent expression of NAD(P)H dehydrogenase, quinone 1, and
glutathione S-transferase Mu 1 was increased, indicating a contribution of autophagy to redox homeostasis in
MCs. In summary, the results of our study suggest that Atg7-dependent autophagy is dispensable for
melanogenesis but necessary for achieving the full proliferative capacity of MCs.
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INTRODUCTION
Autophagy is an evolutionarily conserved mechanism by
which cells degrade and recycle damaged proteins and
subcellular organelles. It is critical for the maintenance of
cell metabolism during starvation, cellular remodeling
during development and differentiation, as well as anti-
bacterial and antiviral defense (Mizushima, 2007; Deretic,
2011; Mizushima and Komatsu, 2011). Macroautophagy is the
predominant mode of autophagy (Mizushima and Komatsu,
2011) and will hereafter be referred to as ‘‘autophagy’’.
Chaperone-mediated autophagy and microautophagy are
alternative mechanisms that mediate the degradation of
subcellular substrates in a largely nonredundant manner
(Mizushima and Komatsu, 2011; Santambrogio and Cuervo,
2011). Autophagy is controlled by a defined set of gene
products that have been reviewed (Mizushima and Levine,
2010; Yang and Klionsky, 2010). The Atg7 protein is essential
for conversion of the cytosolic form of microtubule-associated
protein light chain 3 (LC3), LC3-I, into its lipidated form,
LC3-II—an obligatory step of autophagy. LC3-II associates
with isolation membranes to form autophagosomes and
interacts with p62/SQSTM1, the adapter protein that targets
cargo for selective autophagosomal degradation. Inactiva-
tion of Atg7 disrupts autophagy by preventing lipidation of
LC3 and thus autophagosome formation. Germline inactiva-
tion of Atg7 leads to perinatal lethality that correlates with
decreased levels of amino acids in the neonatal starvation
period (Komatsu et al., 2005). Targeted inactivation of Atg7 in
the central nervous system results in neurodegeneration and
death (Komatsu et al., 2006); liver-targeted inactivation leads
to hepatomegaly and accumulation of abnormal organelles in
liver cells (Komatsu et al., 2005).
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Melanocytes (MCs) are neural crest-derived pigment-produ-
cing cells, which migrate into the skin during embryogenesis
and colonize the epidermis and hair follicles (Hearing, 1993;
Luciani et al., 2011). In mice MCs are present in the epidermis
at all body sites only around the time of birth (Hirobe, 1984).
After the first postnatal week MCs are mainly present within
the dermis and the hair follicles in hairy skin, whereas in ear
and tail skin epidermal MCs persist throughout life. Activated
MCs produce melanin, which is transferred to differentiating
hair keratinocytes (KCs) and, on tail and ear skin, also to
interfollicular KC (Slominski et al., 2005). Proliferation,
migration, and differentiation of mouse MC during develop-
ment are regulated by numerous genetic and epigenetic
factors (Hirobe, 2011; Bonaventure et al., 2013). Small
interfering RNA-based screens identified autophagy genes as
having an impact on melanogenesis and heterozygosity for the
autophagy regulator beclin 1 results in altered fur color of
mice (Ganesan et al., 2008). In addition, members of the
autophagic machinery have been proposed to have a role in
the formation and maturation of melanosomes (Ho and
Ganesan, 2011; Kim et al., 2014), however, direct evidence
for this claim is lacking.
Here, we investigated whether or not autophagy has a role
in melanogenesis and MC homeostasis by crossing mice
carrying a floxed Atg7 gene (Komatsu et al., 2005) with
Tyrosinase-Cre mice (Delmas et al., 2003). We demonstrate
that the disruption of autophagy in MCs does not prevent
melanogenesis, although it leads to a slight but significant
reduction in melanin in both hair and tail epidermis. Cultured
autophagy-deficient MC showed a strongly reduced
proliferative capacity and became prematurely senescent. At
the molecular level, the lack of autophagy was associated with
the accumulation of p62/SQSTM1 both in vivo and in vitro,
the upregulation of nuclear factor E2–related factor 2 (Nrf2)
signaling but also reactive oxygen species (ROS) and lipid
oxidation. The results of this study suggest that autophagy is
dispensable for melanogenesis but important for the control of
the Nrf2 stress response and sustained proliferation of MC.
RESULTS
Autophagy is constitutively active in normal human and murine
MCs
To explore whether autophagy is active in MC, we investigated
the effect of the autophagy inducer rapamycin on the lipidation
status of LC3 in normal human and murine MC by western blot
analysis. As shown in Figure 1, both types of MCs contained
high levels of autophagy-associated, lipidated LC3-II (human
70%±14% of total LC3, n¼4; mouse 58%±4%, n¼3)
already without stimulation, indicating that autophagy is con-
stitutively active in MC. Addition of rapamycin to the culture
medium caused only a slight additional increase in LC3-II in
MC (human 74%±23% and mouse 70%±10%, respectively,
the latter induction being significant with Po0.05).
Tyr::Cre-mediated deletion of Atg7 efficiently suppresses
autophagy in MCs
To specifically inactivate the Atg7 gene in pigment cells, mice
carrying a floxed allele of Atg7 (Komatsu et al., 2005) were
mated to the Tyr::Cre mouse line, which triggers
recombination in cells of the MC lineage starting from 9.5
days of gestation (Puig et al., 2009). As the Tyr::Cre transgene
is located on the X chromosome, hemizygous males and
homozygous females were used as sources of MC for in vitro
experiments. For in vivo analyses, only male Atg7 f/f (Xtg/Y)
mice (here referred to as Atg7 f/f Tyr::Cre) were used in
comparison to male Atg7 f/f (Xo/Y) mice (here referred to as
Atg7 f/f). Efficient inactivation of the Atg7 gene in MC isolated
from Atg7 f/f Tyr::Cre mice was confirmed by PCR of genomic
DNA (Figure 2a). Western blot analysis confirmed that ATG7
protein was not produced in MC derived from ATG7 f/f
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Figure 1. Autophagy is constitutively active in normal human and murine
melanocyte (MC). Primary human (hMC) and mouse (mMC) MCs were
subjected to rapamycin treatment at 0.5ugml 1 for 1 hour. Cell lysates
of rapamycin-treated and -untreated cells were subjected to western blot
analysis for microtubule-associated protein light chain 3 (LC3) and GAPDH
was used as a loading control. Bands corresponding to LC3-I and LC3-II
(indicative of active autophagy) are marked by arrows.
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Figure 2. Deletion of Atg7 blocks autophagy in melanocyte (MC) from Atg7
f/f Tyr::Cre mice. (a) DNA was prepared from cultured MC from Atg7 f/f and
Atg7 f/f Tyr::Cre mice and then subjected to PCR. The diagram on the right
shows the deletion of the Atg7 gene by pigment cell–specific expression of Cre
recombinase, using mice carrying floxed alleles of Atg7 and the Tyr::Cre
transgene. (b) Primary MCs isolated from Atg7 f/f and Atg7 f/f Tyr::Cre mice
were analyzed by western blot for Atg7 (upper panel), microtubule-associated
protein light chain 3 (LC3) (middle panel), and GAPDH (lower panel). Bands
corresponding to LC3-I and LC3-II are marked by arrows.
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Tyr::Cre animals (Figure 2b, uppermost panel). The conversion
of LC3-I to LC3-II was completely blocked in MC of ATG7 f/f
Tyr::Cre mice, whereas both LC3-I and LC3-II were readily
detected in MC of Atg7 f/f mice (Figure 2b middle panel).
Taken together, these data demonstrate that the autophagic
machinery was efficiently disrupted in MC of Atg7 f/f Tyr::Cre
mice.
Inactivation of ATG7-dependent autophagy in MC leads to
decreased pigmentation of dorsal hair and tail epidermis in situ
but does not affect the relative melanin content of cultured MC
Atg7 f/f Tyr::Cre mice were viable and as fertile as Atg7 f/f
mice. The pigmentation of tail skin of Atg7 f/f Tyr::Cre mice
was consistently lower compared with that of Atg7 f/f mice
(Figure 3a) and to a lesser extent at the feet (not shown),
whereas, by visual inspection, the coat color of Atg7 f/f
Tyr::Cre mice was indistinguishable from that of Atg7 f/f mice.
However, photometric quantification of melanin in extracts
from shaved hair of the back showed that the melanin content
of hair from Atg7 f/f Tyr::Cre mice was about 10–15% lower
compared with that of Atg7 f/f mice (Figure 3b, *Po0.05,
**Po0.01). MC numbers per area were consistently but not
significantly (P¼0.1) lower in the epidermis of autophagy-
deficient mice (Supplementary Figure S1 online).
Ultrastructural investigation revealed that both MC and KC
of tail skin contained mature melanosomes, irrespective of the
presence of Atg7 in MC, strongly suggesting that autophagy is
dispensable for melanosome formation, maturation, and
transfer (Supplementary Figure S2 online). Of note, some
MCs of mutant but not control mice contained misshapen,
swollen, and possibly disintegrating mitochondria.
When isolated and cultured in vitro autophagy-deficient
and autophagy-competent MC contained similar amounts of
melanin (Figure 3c), and electron microscopy confirmed the
presence of mature melanosomes in cells of both genotypes
(Supplementary Figure S1 online). However, mutant cells
exhibited increased melanosome-associated vacuolation.
Tyrosinase and Mitf (microphthalmia-associated transcription
factor) mRNAs were expressed at comparable levels in both
the absence and presence of autophagy (data not shown).
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Figure 3. Genetic suppression of autophagy in melanocyte (MC) leads to decreased melanin content of dorsal hair but nonsignificant change of melanin
content of primary MC. (a) Left: representative photograph of the lower backs and tails of an Atg7 f/f and an Atg7 f/f Tyr::Cre mouse at the age of 9 months.
Right: enlarged pictures of the tail shafts. (b) Dorsal hair melanin content from Atg7 f/f Tyr::Cre (n¼ 10) and Atg7 f/f mice (n¼9) at the age of day 32–35
(5 weeks of age¼w5), day 61–64 (w9), day 90–94 (w13), day 118–124 (w18), and day 177–182 (w26). (c) Primary autophagy-deficient and autophagy-competent
MCs were isolated from body skin of newborn mice of the respective mouse strains and cultured in vitro under identical conditions and analyzed at days 12,
24, and 36 for their melanin content (individual cultures; n¼ 3).
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Taken together, these results indicate that MCs need Atg7-
dependent autophagy to achieve full pigmentation of hair and
epidermis but also that melanogenesis can proceed in the
absence of an intact autophagy system.
Autophagy deficiency results in decreased proliferation and
premature senescence of cultured MC
Next, we characterized the impact of autophagy deficiency on
MC in cell cultures. MC derived from Atg7 f/f Tyr::Cre mice
showed an altered growth profile as compared with MC from
Atg7 f/f mice (Figure 4a). In fact, Atg7-deficient MC stopped
proliferation as early as after the third passage at around the
fifth week in culture, whereas normal MC continued prolifera-
tion and could be maintained up to passage 5. Analysis of
Ki-67 expression on day 23 of culture confirmed that the
proportion of proliferating cells was strongly decreased in
cultures of Atg7 f/f Tyr::Cre MC (Figure 4b and c). In addition,
mutant MC started to change their morphology early in the
second passage at around week 3 and acquired senescent
morphotypes with distended cytoplasms. The premature
senescent phenotype became even more prominent at the
end of passage 2 and beginning of passage 3 (Figure 4d). By
contrast, similar changes in cell morphology were observed in
control MC only at around 9 weeks in culture, when the cells
had been passaged five times. The changes in the morphology
of autophagy-deficient MC were accompanied by significantly
higher expression of p16Ink4a (CDKN2A) and p21 (CDKN1A)
mRNAs (Figure 4e, Po0.05), and a significantly higher
proportion of mutant cells exhibited nuclear p16Ink4a protein
as determined by immunofluorescence staining (Figure 4f
and g). Nuclear translocation of p16Ink4a increased upon
UVB irradiation (20 mJ cm2) (Piepkorn, 2000) in autophagy-
competent cells, whereas it could not be elevated above the
high basal level in autophagy-deficient cells (Figure 4f and g).
Taken together these data suggest that the absence of
autophagy leads to premature senescence of MC.
Autophagy deficiency leads to accumulation of high-molecular-
weight protein aggregates containing p62/SQSTM1
As autophagy controls cellular processes via the modulation of
distinct multifunctional proteins such as the autophagy cargo
adapter protein p62/SQSTM1 (Pankiv et al., 2007), we
determined the abundance of p62/SQSTM1 and the activity
of p62-related processes in normal and Atg7-deficient MC.
Immunoblotting showed massive accumulation of free p62/
SQSTM1 and high-molecular-weight p62-positive protein
species in lysates of autophagy-deficient MC indicative of
p62 oligomerization (Kirkin et al., 2009; Riley et al., 2010)
(Figure 5a). Double immune-labeling of cultured cells showed
strong increase in both p62/SQSTM1 and ubiquitinylated
proteins in mutant MC (Figure 5b). In the cytoplasm, but not
the nucleus, these two proteins largely co-localized. Accumu-
lation of p62/SQSTM1 also occurred in vivo as demonstrated
by double labeling of MC for p62/SQSTM1 and tyrosinase in
epidermal sheet preparations of tail skin (Figure 5c). The
massive accumulation of p62/SQSTM1 protein was accom-
panied by an upregulation of p62/SQSTM1 mRNA in cultured
MC (Figure 5d), suggesting that not only a block in the
degradation of the protein but also enhanced transcription
contributed to the increase in p62/SQSTM1 protein in
autophagy-deficient MC.
Persistently enhanced Nrf2 activity does not prevent increased
ROS formation and lipid oxidation in autophagy-deficient MCs
Accumulation of p62/SQSTM1 has the potential to affect cell
homeostasis via its cross talk with the redox sensitive Nrf2
signaling. In hepatocytes p62/SQSTM1 is transcriptionally
upregulated by Nrf2, and, in turn, accumulation of p62/
SQSTM1 activates the Nrf2 signaling pathway in a positive
feedback loop by competing with Nrf2 for binding to KEAP1
and favoring Nrf2 nuclear translocation (Komatsu et al., 2010).
Suppression of autophagy results in Nrf2 dysregulation mainly
upon UVA stress in cultured KC, (Zhao et al., 2013) and in a
weak epidermal phenotype in vivo (Rossiter et al., 2013),
whereas it causes severe dysregulation of Nrf2 in hepatic and
pulmonary epithelial cells, resulting in severe pathologic
tissue damage (Riley et al., 2010; Inoue et al., 2011). Thus,
we investigated whether Nrf2 target genes were also induced
in autophagy-deficient MC. Quantitative reverse transcriptase
in real time–PCR analysis showed that the canonical Nrf2
target genes NAD(P)H dehydrogenase, quinone 1, g-glutamyl
cysteine ligase catalytic subunit, and glutathione S-transferase
mu 1 were expressed at significantly higher levels in MC of
mutant mice than in those of control animals (Figure 6a).
By contrast, the heme oxygenase-1 gene, which frequently is
co-regulated with the aforementioned Nrf2 targets in KC (Zhao
et al., 2013), was not significantly induced in autophagy-
deficient MC, pointing to a cell type–specific control of heme
oxygenase-1. Western blot analysis confirmed that also on the
protein level the Nrf2 target genes glutathione S-transferase
Mu 1 and NAD(P)H dehydrogenase, quinone 1 were
increased (Figure 6b). The expression of Nrf2 itself was weakly
but not significantly increased by autophagy deficiency
(Supplementary Figure S3 online), compatible with a model
in which accumulating p62 would mediate increased translo-
cation and activity of Nrf2, as found in other cases of
autophagy deficiency(Jain et al., 2010; Komatsu et al., 2010;
Ichimura et al., 2013). Thus, by reducing the abundance of
p62, autophagy would dampen Nrf2-dependent gene trans-
cription in normal MC, whereas abrogation of homeostatic
autophagy would trigger a persistent stress response. There-
fore, we next investigated how the increased activation of Nrf2
and thus enhanced synthesis of oxidoreductases and cellular
antioxidants would affect, in the absence of autophagy,
cellular ROS levels. To investigate differences in cellular
ROS levels, we used a ROS-sensitive probe (CellROX green,
Life Technologies, Carlsbad, CA) to determine differences in
wild-type and Atg7-deficient MCs in tissue culture and found a
significant increase in ROS in the Atg7-deficient MC. To assess
biologically relevant consequences of ROS stress, we used
HPLC-MS-MS (Gruber et al., 2012) to measure the levels of
phospholipid hydroperoxides in autophagy-competent and
autophagy-deficient cells as mechanistic reporter for
oxidative stress (Girotti, 1998). The hydroperoxide oxidation
products of the abundant phospholipids 1-stearoyl-2-linoleoyl-
sn-glycero-3-phosphocholine (18:0-18:2 PC, m/z 786) and
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Figure 4. Autophagy deficiency leads to decreased proliferation and premature senescence in cultured primary melanocytes (MCs). (a) Proliferation of Atg7 f/f
and Atg7 f/f Tyr::Cre cells, passage number plotted against days in culture. (b) Immunofluorescence analysis of Ki-67 expression (red) in the MC from Atg7 f/f
and Atg7 f/f Tyr::Cre mice. Bar¼10mm and (c) quantification (n¼5). (d) Representative photos of MC from Atg7 f/f and Atg7 f/f Tyr::Cre mice at the age of day 8,
day 24, day 36, and day 65. Phase contrast micrographs, bar¼ 250mm. (e) Primary autophagy-deficient and -competent MCs were cultured for 22 days and
expression of p16Ink4a and p21 was determined using quantitative reverse transcriptase in real time–PCR (n¼3; relative quantification, normalized to
expression of beta-2-microglobulin; error bars indicate±SD * indicates Po0.05 (t-test)). (f, g) Primary autophagy-deficient and -competent MCs were
cultured for 22 days, sham irradiated or irradiated with 20 mJ cm2 of UVB, and subjected to immunofluorescent staining for p16Ink4a. Bar¼10mm.
(g) The percentage of p16Ink4a-positive nuclei was determined in three independent cultures (n¼ 3) for each genotype and treatment (error bars indicate±SD;
* indicates Po0.05 (t-test)).
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1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (16:0-
18:2 PC, m/z 758) were significantly increased relative to
their unoxidized precursors in lipid extracts from cultured
autophagy-deficient MC, whereas the levels of unoxidized
di-palmitoyl-sn-glycero-3-phosphocholine (16:0-16:0 PC m/z
734) was not significantly changed (Figure 6c). These data
indicate that deficiency in autophagy, in addition to premature
senescence, results in increased oxidative stress in MC, despite
the observed increase in Nrf2 activation.
DISCUSSION
Proteins of the autophagic machinery, including beclin 1
(Funderburk et al., 2010), ULK1 (Kalie et al., 2013), and
LC3-II have been previously suggested to participate in
melanogenesis (Ganesan et al., 2008), and autophagy has
been hypothesized to also participate in melanosome
formation and maturation (Ho and Ganesan, 2011). Here we
have inactivated the central regulator of autophagy, Atg7,
specifically in MC and studied pigmentation and MC
homeostasis in transgenic mice and MC isolated from these
mice. Our findings that mutant mice showed only a slight,
although consistent, reduction in hair and skin pigmentation
and that mutant MCs are able to produce mature
melanosomes suggest that autophagy is neither essential for
melanin production by MC nor for the delivery of melanin to
hair and epidermal KC. Thus, the results of this study establish
that, at least under standard animal care conditions,
autophagy is not essential for MC survival and function
in vivo.
When analyzing isolated MC in tissue culture we could
confirm that the absence of autophagy neither impacted
pigment production nor formation and maturation of melano-
somes. Murase and coworkers, studying human cells in vitro,
have recently suggested that KCs contribute to skin pigmenta-
tion by degrading melanosomes (Murase et al., 2013). As we
have previously reported, mice deficient in KC autophagy did
not show differences in skin or hair color (Rossiter et al.,
2013), and in preliminary assessment of mice in which Atg7
was deleted in both MC and KC (Atg7 f/f Tyr::Cre, K14::cre)
we found no differences with regard to coat and tail skin
pigmentation to animals with autophagy-deficient MC only
(not shown). Therefore, a mechanism by which autophagy in
KC contributes to skin color as suggested by Murase and
coworkers (Murase et al., 2013) is not operant in vivo in mice.
By contrast, autophagy-deficient MC isolated from the skin of
newborn mice differed considerably from autophagy-
competent MC in their proliferative capacity. In fact, Atg7-
deficient MC virtually stopped proliferation during the 3rd
passage in vitro, acquired a senescent morphology and
expressed significantly higher levels of p16ink4 mRNA and
proteins compared with control cells. This finding is in line
with earlier reports that have shown that autophagy is
involved in the regulation of the life span of cells (Vellai,
2009; Lionaki et al., 2013). In cultured fibroblasts, senescence
is associated with a decrease in the protein levels of S6K1, 4E-
BP1, beclin 1, and Atg7 (Kang et al., 2011). In turn, the
impairment of autophagy induces premature senescence,
supposedly via mechanisms that involve aberrant oxidation
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of protein accumulation of misfolded proteins and damaging
levels of mitochondrial ROS (Sena and Chandel, 2012). Our
finding that autophagy-deficient MC stopped proliferating and
acquired a senescent phenotype earlier compared with their
autophagy-competent counterparts provides support for a
protective role of autophagy for the maintenance of the MC
population. However, this in vitro finding does not translate
into a statistically significant difference in the number of
epidermal MC between mutant and control animals in vivo.
In addition, the pigmentation maintained in the hair of aging
mice showed that autophagy-deficient MCs were able to
replenish hair follicles during the hair cycles throughout the
life span of the animals. There are several possible explana-
tions for the different effects of autophagy suppression in vitro
and in vivo. In culture, the growth medium drives MC to
continuous proliferation, whereas in vivo MCs proliferate
mainly during the hair cycles (Slominski and Paus, 1993)
and after UV exposure(van Schanke et al., 2005). Continuous
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Figure 6. Autophagy deficiency leads to enhanced expression of nuclear factor erythroid 2–related factor 2 target genes but also to increased phospholipid
oxidation. (a) Primary autophagy-deficient and autophagy-competent melanocytes (MCs) were cultured for 22 days and subjected to quantitative reverse
transcriptase in real time–PCR for heme oxygenase-1 (Hmox-1), NAD(P)H dehydrogenase, quinone 1 (Nqo-1), g-glutamyl cystine ligase modulatory subunit
(Gclm), and glutathione S-transferase Mu 1 (Gstm1). Error bars represent mean±SD (n¼3) and the t-test was performed. **Po0.01; *Po0.05; NS: nonsignificant
difference. (b) Lysates of primary MC from Atg7 f/f and Atg7 f/f Tyr::Cre mice were subjected to western blot analysis for NQO-1, GSTM1, HO-1, and GAPDH.
(c) Primary autophagy-deficient and autophagy-competent MCs were cultured for 22 days. Relative amounts of 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (PLPC) and 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine hydroperoxides relative to their unoxidized precursors and amount of
di-palmitoyl-sn-glycero-3-phosphocholine relative to PLPC were quantified using HPLC-MS/MS. The data are presented as normalized peak intensities in
autphagy-deficient cells compared with autophagy-competent MCs. Error bars indicate standard deviations within biological triplicates. Asterisks indicate
significant differences (*Po0.05); gray bars indicate Atg7 f/f Tyr::Cre in a and c.
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proliferation with increased metabolism in tissue culture might
therefore result in an exhaustion of the cellular mechanisms
that compensate for the absence of autophagy, whereas such a
state may not be reached in vivo during the normal life span of
mice. Alternatively compensation for the lack of autophagy in
MC in vivo might be provided by the surrounding tissue. That
such a scenario is conceivable is hinted at by a recent report
on a breast cancer tumor model in which serum-starved
mesenchymal stem cells activating autophagy supported
tumor cell survival by paracrine mechanisms (Sanchez et al.,
2011). The recent finding that even aggregated proteins can be
transferred to neighboring cells (Guo and Lee, 2014) even
opens the possibility that autophagy-deficient MC may dispose
of protein aggregates by delivering them to surrounding skin
cells. Intriguingly, amyloid-like proteins are present in
melanosomes and are consequently delivered to KC (Singh
et al., 2010). A potential dependence of autophagy-deficient
MC on autophagy in neighboring skin cells will have to be
addressed in separate studies.
In addition to the premature cessation of proliferation of
autophagy-deficient MC, we have here identified a significant
dysregulation of a key stress response system of the cell––i.e.,
the Nrf2-dependent expression of antioxidant genes. Nrf2
provides adaptive cytoprotection against various ROS by
inducing the expression of multiple antioxidant proteins and
detoxifying enzymes (Kobayashi and Yamamoto, 2005).
However, activation of Nrf2 signaling also requires tight
control as evidenced by the observations that sustained
high-level activity of Nrf2 in epidermal KC significantly
disturbs tissue homeostasis (Schafer et al., 2012).
Hyperactivation of Nrf2 in autophagy-deficient liver, brain,
and lung tissue (Riley et al., 2010; Inoue et al., 2011) results in
deleterious damage that can be reverted by deleting Nrf2.
Recently, a link between Nrf2 and autophagy was uncovered,
as the autophagy cargo adapter SQSTM1/p62 is both an
activator of Nrf2 activity and Nrf2 target gene (Komatsu
et al., 2010). In autophagy-deficient kidney and lung,
SQSTM1/p62 accumulation in the cytoplasm competes with
Nrf2 for binding to its cytoplasmic anchor KEAP1 and thereby
causes enhanced Nrf2 nuclear localization and transcription
of its targets, one of them being SQSTM1/p62 itself. Whether
this regulatory loop is indeed active in MC requires
verification in genetic model systems regulating expression
of Nrf2 and p62 together with autophagy; however, it is
strongly suggested to be the case by our finding that not only
SQSTM1/p62 protein but also mRNA is increased in mutant
MC. The Nrf2 pathway contributes to the regulation of the
antioxidant response in MC (Marrot et al., 2008), whereas
Nrf2 signaling is downregulated after UVB irradiation in MC if
not counteracted by alphaMSH(Kokot et al., 2009). Our
finding that autophagy-deficient MCs have increased expres-
sion levels of several Nrf2 target genes indicates aberrant
activation of Nrf2 signaling in these cells. The repertoire of
dysregulated Nrf2 target genes seems to be determined by the
cell type, as heme oxygenase-1, which is significantly induced
in autophagy-deficient KC, is not overexpressed in autophagy-
deficient MC, and this finding merits further investigation. The
increased expression of cellular antioxidants does, however,
not result in a reduction in ROS but rather an increase in
phospholipid hydroperoxide levels as markers of oxidative
stress. As we have observed earlier that also autophagy-
deficient KCs display also enhanced lipid oxidation (Zhao
et al., 2013), these findings strengthen the concept that
functioning macroautophagy may contribute to removal or
prevention of excess oxidized lipids. In the case of the MC, it
can, however, not be ruled out that the oxidized lipids
accumulate as a result of beginning cellular senescence
(Girotti and Kriska, 2004).
Our finding that autophagy-deficient MCs undergo prema-
ture senescence in vitro resembles the state that has been
described for MC from patients with vitiligo, and the role of
autophagy in this disease therefore deserves investigation: Not
only do cultured MCs from vitiligo patients show signs of
sublethal oxidative stress, but they also present a pre-senes-
cent phenotype, including increased expression and nuclear
staining for p16 (Bellei et al., 2013), both strikingly similar to
that which we observed in autophagy-deficient MC. The study
by Bellei and another study by the same group (Dell’Anna
et al., 2010) further described the detection of oxidized
membrane lipids in vitiligo MC. This again is comparable to
the significant increase in oxidation products of two major
membrane phospholipids, which we detected in autophagy-
deficient cells. Finally, Nrf2 signaling is dysregulated in
human vitiligo, and, whereas high Nrf2 activation and
expression of NAD(P)H dehydrogenase, quinone 1 and g-
glutamyl cystine ligase modulatory subunit has been observed
in lesional versus non-lesional epidermal samples from
patients (Natarajan et al., 2010), a recent report showed that
vitiligo MC cannot respond properly to oxidative stress and
have an impaired heme oxygenase-1 response to hydrogen
peroxide (Jian et al., 2014). Our findings are thus compatible
with a model in which autophagy-deficient MC and MC in
vitiligo share an ineffective antioxidant defense, cellular redox
dysregulation, increased membrane lipid oxidation, and
premature senescence. However, as autophagy only margi-
nally affects pigmentation and MC numbers in unchallenged
mouse skin, we can at the present time neither confirm nor
exclude that dysregulated autophagy is relevant in vitiligo.
In conclusion, our study challenges hypotheses that auto-
phagy has an essential role in melanogenesis or melanin
delivery to KC but uncovers a crucial role of autophagy in the
control of MC survival and proliferation. Moreover, the
discovery of aberrant Nrf2 signaling in autophagy-deficient
MC calls for detailed investigations of the cooperative action
of autophagy and Nrf2 in controlling ROS levels in MC
biology and human pathologies associated with oxidative
damage (Schallreuter, 2007; Swalwell et al., 2012).
MATERIALS AND METHODS
Mice and genotyping
Atg7-floxed mice and Tyr::Cre mice have been described previously
(Delmas et al., 2003; Komatsu et al., 2005). Tyr::Cre mice were
crossed with Atg7-floxed mice to yield Atg7 f/f and Atg7 f/f Tyr::Cre
mice. All mice were maintained in a regular 12-hour light–dark cycle
on a normal diet with free access to drinking water. Genotyping and
sex determination by PCR were carried out as described (Clapcote
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and Roder, 2005; Colombo et al., 2007). Breeding schemes are
detailed in Supplementary Materials and Methods online. Institutional
approval for animal material under decree of the Federal Minstry of
Science, Research and Economy (Zl. 1712/115-1997/98-2013).
Human and mouse primary MC culture
Normal human epidermal MCs were obtained from Lonza (Basel,
Switzerland) and cultured in MC growth medium (MGM-4, Lonza).
Primary mouse MCs were prepared from 1- to 5-day-old pups as
described (Bennett et al., 1989) with slight modifications. Briefly, dorsal
skin was washed three times with 70% ethanol and sterile phosphate-
buffered saline for three times and fat removed. The skin was then cut
into 3–4 small pieces and incubated in 2 ml dispase II (Roche, Basel,
Switzerland; 2.4 U ml–1) in a 60 mm Petri dish at 37 1C for 1 hour. The
epidermis was separated from the dermis by standard sequential
dispase (Roche, 2.4 U ml–1) and trypsin/EDTA (Clonetics, San Diego,
CA, 0.25 mg ml–1) digestion. Medium containing fetal calf serum was
used to stop trypsinization, followed by centrifugation (1500 r.p.m.,
2 minutes). The pellet was resuspended in MC growth medium.
Methods to assess proliferation and melanin content are detailed in
the Supplementary Materials and Methods section online.
Antibody information, primer sequences and standard procedures
for western blotting, quantitative reverse transcriptase in real time–
PCR, immunofluorescence microscopy, and ROS assay are detailed
in the Supplementary Materials and Methods section online.
UVB irradiation
Irradiation was performed with a Waldmann F15 T8 tube (Waldmann
Medizintechnik, Villingen-Schwenningen, Germany). Energy output
of the UVB (280–320 nm) source, monitored with a Waldmann UV
meter was 1.1 mW cm 2 at a tube to target distance of 30 cm. MCs
were irradiated with 20 mJ cm 2 of UVB. For each experiment,
control MC cultures were treated identically, except for the exposure
to UV light.
HPLC-MS/MS quantification of oxidized phospholipids
Analysis of lipids was performed using liquid–liquid extraction
procedure followed by quantification using mass spectrometry as
described by us recently (Gruber et al., 2012). Cells were washed
with phosphate-buffered saline, followed by addition of cold acidified
methanol and internal standard (dinonanoyl-phosphatidylcholine,
Avanti, Alabaster, AL). Neutral lipids and fatty acids were removed
by three extractions with hexane. Analysis of phospholipids was
performed using reversed phase chromatography followed by on-line
electrospray ionization-MS/MS procedure as described (Gruber et al.,
2012) at FTC-Forensic Toxicological Laboratory, Vienna, Austria.
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